A tonoplast enriched fraction was obtained from Zea mays L. coleoptiles by isopycnic centrifuption of microsomal membranes in a sucrose step gradient. At the 18/26% interface chloride-stimulated and nitrateinhibited proton pumping activity coincided with a Mg2"-ATP dependent accumulation of 3-0-methyl-D-glucose (OMG) as determined by a membrane filtration technique using '4C-labeled substrate. OMG transport showed an apparently saturable component with a K,. of 110 micromolar, and was completely inhibited by 10 micromolar carbonyl cyanide mchlorophenylhydrazone. Polyclonal antibodies aganst solubilized native tonoplast H+-ATPase and its 62 and 72 kilodalton subunits were assayed for their ability to inhibit proton pumping and OMG accumulation. Antibodies against both the native enzyme and the putative catalytic subunit (72 kilodalton) strongly inhibited proton pumping and OMG transport whereas antibodies against the 62. kilodalton subunit had only a slight effect on both processes.
ABSTRACI
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Active transport of sugars in higher plants is a well established phenomenon (6, 16) . Most of the available evidence supports a coupling to proton transport (1, 16) . At the plasma membrane a sugar/proton symport is operative (6, 12, 16) , whereas for the tonoplast a sugar/proton antiport (1, 12, 16, 18) has been proposed. Carriers which catalyze a facilitated diffusion have been reported for some fungi but are better characterized in animals (erythrocyte, adipocyte) (5, 17) . Finally, in addition to a hexose/ proton antiport, active sucrose transport at the tonoplast of sugarcane seems to involve a group translocation mechanism (20) .
The hormonal and metabolic controls of sugar transport in plant cells (13, 14) (14) . Debladed coleoptiles were kept in chilled tap water until extraction.
Membrane Preparation. The extraction procedure for microsomal membranes has been described elsewhere (15) . For separation on a 5-step sucrose gradient (2) the crude homogenate was first centrifuged at 10,000g for 10 min, and the supernatant was centrifuged for 90 min at 100,000g (rotor: SW 27); the 100,000g pellet was resuspended in extraction buffer (15) and 2 ml of the membrane suspension were loaded on a step gradient according to Chanson et aL (2) which consisted of 4 ml each 18, 26, 31, 36, and 45% (w/w) sucrose in the same buffer. Gradients were centrifuged at 100,000g for 2 h and 1.5 ml fractions were collected.
For routine preparation of tonoplast-enriched microsomal membranes a 10,000 to 100,000g fraction (rotor: SW 27) was loaded on a 2-step sucrose gradient (18/26%), and after centrifugation at 100,000g for 2 (2) .
Inhibition of Proton Pumping and OMG Transport by antiATPase Antibodies. The production of antibodies used in this study has been described elsewhere (10) . The amounts of antibodies indicated in the "Results" section were added to the respective membrane fraction and allowed to equilibrate for 20 min on ice prior to proton pumping or OMG transport assays.
Replication of Experiments. Sucrose step gradients were repeated three times. The values given for OMG transport are from a representative experiment. The distribution of marker enzymes was within ±20% of those published in Chanson et al. (2) . The data of OMG transport kinetics are from two independent experiments. Inhibition studies with anti-ATPase antibodies were done in duplicates.
RESULTS
Microsomal membranes (10,000-100,OOOg) from Zea mays L. coleoptiles were subjected to isopycnic centrifugation in a sucrose step gradient. Individual fractions were allowed to equilibrate in the presence of 20 Mm labeled OMG before filtering through 0.45 um membrane filters. The radioactivity profile is shown in Figure 1 (open symbols). The profile indicates that throughout the gradient membranes equilibrated with labeled OMG. After addition of 1 mm Mg2+-ATP and further incubation for 20 min the radioactivity increased in the fractions at the 18/ 26% interface whereas in the fractions at the 31 to 36% interface the radioactivity decreased as compared with the controls (Fig.  1, closed symbols) . Using Mg2+-ATP dependent chloride stimulated, nitrate inhibited proton pumping (15) Figure 2 . Control incubations with ADP showed no OMG accumulation. The maximum accumulation ratio of OMG was between 1.3 and 1.5. The time course of acidification via proton pumping (Fig. 2) demonstrates that maximum acidification preceded maximum OMG accumulation. From the linear parts of Mg2+-ATP dependent OMG transport into membrane vesicles at OMG concentrations between 10 and 100 Mm transport rates were calculated. The data are presented in the Lineweaver-Burk plot (Fig. 3 ). An Figure 4 . Anti-ATPase antibodies showed the strongest inhibition, followed by anti-72 kD antibodies, whereas anti-62 kD antibodies led only to a slight inhibition. presented in Figure 5 . The results correlate -well with those of proton pumping inhibition.
DISCUSSION
As in several other recent studies, evidence for a protongradient coupled sugar transport at the tonoplast was obtained (1, 12, 16, 18) . The concentration of glucose in vacuoles of Zea mays L. coleoptiles in vivo is yet unknown, but in several other higher plants it has been established that most nonphosphorylated sugars including glucose are indeed localized in the vacuole (21) , and the presence of an active transport system seems plausible. For many higher plants including the Gramineae the presence of cell wall bound acid invertase has been confirmed (7), suggesting that sugars are taken up as monosaccharides. Therefore it may be that excess glucose entering the cell becomes sequestered into the vacuole. Lin et al. (8) have shown that in corn root protoplasts glucose was taken up much more rapidly than sucrose. However, it should be kept in mind that in some plant species sucrose seems to be taken up directly (6, 16) .
Our observation that maximum acidification in tonoplast vesicles is reached about 5 min after addition of ATP suggests that from there on OMG accumulation is limited by the number of OMG carriers rather than by ApH. Regression analysis of the apparently linear uptake phase was performed to check for the saturability of the transport process with respect to OMG concentration. The data for the uptake period between 5 (4, 14) . Thus, the question may be raised whether at least under some conditions glucose uptake in vivo may be regulated at the tonoplast rather than at the plasma membrane. When the maximum transport rates in vivo (1.7 nmol OMG/g fresh weight/min; 14) are compared with the maximum rates in vitro (2.9 pmol OMG/g fresh weight equivalent/min) this possibility seems unlikely. However, the following calculation may explain why tonoplast vesicles are less efficient in transport as compared with intact vacuoles in vivo: Assuming that the ratio of the diameters of a spherical intact vacuole to a tonoplast vesicle is roughly 100:1, then the surface ratio of both is 10,000:1, i.e. one vacuole will give rise to 10,000 tonoplast vesicles, which would enclose 1% of the initial vacuolar volume. Thus, for membrane vesicles originating from a defined number of vacuoles the same OMG concentration difference inside/ outside would be reached at a 100 times lower amount of OMG transported. The OMG carriers could catalyze a facilitated diffusion in the outward direction (with a different Km and V.a. compared to OMG uptake [6] ) which would decrease the observed net transport rate in the vesicle system with respect to the intact vacuole. Taking into account the above considerations, the unknown recovery of tonoplast vesicles and the absence of possible regulatory factors, it seems premature to compare in vivo and in vitro transport rates for OMG.
The observation that membranes collected from the 31/36% sucrose interface exhibit an ATP-dependent loss oflabeled OMG suggests that they might be everted plasma membrane vesicles (2) , with an operative OMG/proton symport. However, a further characterization of this transport (?) phenomenon was not yet attempted.
The availability of specific antibodies to the tonoplast ATPase has permitted a direct test of the hypothesis of proton-coupled glucose transport (10) . Our results demonstrate, for the first time, that these antibodies do, in fact, inhibit proton transport activity as well as ATPase activity. In both cases, the antibodies to the native enzyme and to the 72 kD subunit were strongly inhibitory, whereas the 62 kD antibodies were only slightly inhibitory. The
